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Abstract
Objectives The authors have previously reported on the technical feasibility of subthalamic nucleus deep brain stimulation (STN
DBS) under general anesthesia (GA) with microelectrode recording (MER) guidance in Parkinsonian patients who continued
dopaminergic therapy until surgery. This paper presents the results of a prospective cohort analysis to verify the outcome of the
initial study, and report on wider aspects of clinical outcome and postoperative recovery.
Methods All patients in the study group continued dopaminergic therapy until GAwas administered. Baseline characteristics,
intraoperative neurophysiological markers, and perioperative complications were recorded. Long-term outcome was assessed
using selective aspects of the unified Parkinson’s disease rating scale motor score. Immediate postoperative recovery from GA
was assessed using the Btime needed for extubation^ and Btotal time of recovery.^ Data for the Bstudy group^ was collected
prospectively. Examined variables were compared between the Bstudy group^ and Bhistorical control group^ who stopped
dopaminergic therapy preoperatively.
Results The study group, n = 30 (May 2014–Jan 2016), were slightly younger than the Bcontrol group,^ 60 (51–64) vs. 64 (56–
69) years respectively, p = 0.043. Both groups were comparable for the recorded intraoperative neurophysiological parameters;
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Bnumber of MER tracks^: 60% of the Bstudy group^ had single track vs. 58% in the Bcontrol^ group, p = 1.0. Length of STN
MER detected was 9 vs. 7 mm (median) respectively, p = 0.037. A trend towards better recovery fromGA in the study group was
noted, with shorter Btotal recovery time^: 60 (50–84) vs. 89 (62–120) min, p = 0.09. Long-term improvement in motor scores and
reduction in L-dopa daily equivalent dose were equally comparable between both groups. No cases of dopamine withdrawal or
problems with immediate postop dyskinesia were recorded in the Bon medications group.^ The observed rate of dopamine-
withdrawal side effects in the Boff-medications^ group was 15%.
Conclusions The continuation of dopaminergic treatment for patients with PD does not affect the feasibility/outcome of the STN
DBS surgery. This strategy appears to reduce the risk of dopamine-withdrawal adverse effects and may improve the recovery in
the immediate postoperative period, which would help enhance patients’ perioperative experience.
Keywords Subthalamic nucleus deep brain stimulation . Parkinson disease . Dopaminergic therapy . Microelectrode recording .
General anesthesia
Abbreviations
CSF Cerebrospinal fluid
DBS Deep brain stimulation
GA General anesthesia
IQR Interquartile range
LEDD L-dopa equivalent daily dose
LOR Length of recording
MER Microelectrode recording
NOTs Number of tracks
PD Parkinson’s disease
STN Subthalamic nucleus
Introduction
The role of subthalamic deep brain stimulation is well
established for medically intractable idiopathic Parkinson’s
disease. In addition to its obvious benefits in improving selec-
tive aspects of motor function, namely rigidity and bradykine-
sia [9, 15, 27], subthalamic nucleus deep brain stimulation
(STN DBS) is proposed to have wide ranging advantages in-
cluding a significant reduction in PD medications, significant
improvement in quality of life, and non-motor functions and
more significantly a distinct survival benefit [11, 16, 20, 25].
The technique of STN DBS has evolved over time
reflecting the technical advancement in the field. The de-
ployment of microelectrode recording for target localiza-
tion can be credited for facilitating the adoption of general
anesthesia effectively eliminating the need for Bawake^
macro-stimulation in many functional units. The authors
have previously reported their experience with performing
these procedures under general anesthesia [13, 24]. This
approach is proposed to be a better alternative to Bawake
surgery^ with comparable clinical outcome and safety
profile [2, 14, 18].
This technique has raised further questions about the
need to stop dopaminergic therapy preoperatively in pa-
tients who are undergoing DBS insertion under general
anesthesia (GA) and microelectrode recording (MER)
guidance. In a preliminary observational study, the au-
thors have recently reported comparable clinical outcome
and no added technical difficulty in a small cohort of
patients who inadvertently continued their treatment up
until the time of surgery [3]. The retrospective study fo-
cused mainly on the feasibility of MER recording with
dopaminergic medications. Clinical outcome measures
were secondarily examined as surrogates for the accuracy
of electrode placement.
These positive findings led the authors to change the
perioperative medication policy and allowed all PD pa-
tients to continue on their regular dopaminergic medica-
tions until surgery. Parameters of clinical improvement,
postoperative recovery time, perioperative complications,
and technical aspects of the procedures were recorded pro-
spectively to verify the previously reported outcomes and
examine the effect of dopaminergic therapy on wider as-
pects of the perioperative care.
Patients and methods
The study examined a cohort of idiopathic PD patients treated
with bilateral STN DBS under GA with MER guidance over
the period April 2014–January 2016. All patients were
allowed to continue their medications up until surgery, the
Bnew protocol,^ n = 30. All collected data for this group was
done prospectively.
This was compared to a similar cohort of patients who
underwent the same procedure in the last 18 months under
the old protocol (retrospective data), i.e., with dopaminergic
treatment withheld the night before surgery as a historical
control group, the Bold protocol^ n = 26.
Data for the study group was collected prospectively by
two DBS specialist nurses. The same variables were examined
from retrospective data for the historical control group. The
examined variables were chosen to address three key ques-
tions related to the effectiveness of the procedure and its tech-
nical feasibility:
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1. Did the continuation of dopaminergic treatment preclude
or practically interfere with the intraoperative MER map-
ping of the STN?
2. Did it affect patients’ recovery in the immediate postop-
erative period?
3. Did it affect the long-term clinical outcome?
To adequately assess these three main aspects, the follow-
ing endpoints were examined: intraoperative neurophysiology
markers (number of tracks (NOTs) required to obtain satisfac-
tory STNMER and length of recording (LOR) for the detected
STNMER). The recovery time in the post-anesthesia recovery
unit was recorded prospectively and this was divided into time
needed for extubation and time needed for patients to fully
recover and be deemed suitable for discharge from the recov-
ery area to the ward. Long-term clinical outcome was assessed
using aspects of the unified Parkinson’s disease rating scale
(UPDRS) motor score (Hoehn and Yahr scores, number of
awake hours spent in BOff^ state, and the proportion of the
BOn^ hours spent with dyskinesia) as well as the reduction in
the L-dopa equivalent daily dose (LEDD). These clinical out-
comes were prospectively recorded at 6 months postoperative-
ly. The examined parameters were compared between the two
study groups.
To examine Brecovery^ in the immediate postoperative
stage, two variables were recorded: Btime for extubation^
and Btime for recovery.^ The attending anesthetist recorded
the time of termination of GA on the anesthetic charts.
Subsequently, the time required for extubation (extubation
time) and the time spent in the post-anesthesia recovery suite
(recovery time) were recorded by the theater staff. This was
done prospectively for the study group and compared to the
retrospectively retrieved data for the control group. The same
comparison was done for any recorded adverse events during
hospital stay. The authors defined dopamine-withdrawal ef-
fects to include freezing, anxiety, panic attacks, sweating, nau-
sea, generalized pain, fatigue, dizziness, and increased respi-
ratory complications and urinary disturbances—these might
be directly related to increased rigidity and poor mobility
while off medication.
Statistical analysis
Power calculations (assuming 80% power and alpha value of
5%) showed that the number of subjects required to make the
detected difference in Bextubation time^ and Brecovery time^
statistically significant was 837 patients per group and 77
patients per group respectively. Recruiting such a large num-
ber was not practically feasible.
Ordinal and continuous variables were compared using
Mann-Whitney tests and reported as medians with interquar-
tile ranges. Dichotomous variables were compared between
the groups using Fisher’s exact tests. The LOR and NOTs
were recorded separately for the left and right sides of the
brain. Hence, the analysis was performed separately for each
side, as well as for the total of both sides. The NOTs was
dichotomized into 1 vs. > 1 for the left/right side analysis,
and 2 vs. > 2 for the analysis of the totals.
The examined clinical parameters were compared pre- and
postoperatively for the new protocol group using Wilcoxon’s
tests, to identify significant changes over time.
All analyses were performed using IBM SPSS 22 (IBM
Corp. Armonk, NY), with p < 0.05 deemed to be indicative
of statistical significant throughout.
Results
The clinical indications and preoperative selection process
was in line with the authors’ standard practice and remained
the same for both groups. The surgical technique for STN
DBS under GA with MER guidance was also identical for
both groups. This was described by the authors previously [3].
Baseline characteristics
In total, 56 patients were included (median age of 62 years,
68% male), of whom 26 were on the old protocol and 30 on
the new protocol. Patient demographics and baseline charac-
teristics were compared between the two groups, Table 1.
Patients on the old protocol were found to be older than those
on the new protocol (median: 64 vs. 60 years, p = 0.043). No
significant differences in gender distribution (p = 0.779), du-
ration of PD (p = 0.603), or the preoperative LEDD at time of
surgery were detected between the two groups.
Intraoperative neurophysiology recording markers:
LOR and number of MER tracks
No significant difference was detected between the two
groups for the total NOTs used, with 60% in the new protocol
group, and 58% of patients in the old protocol requiring only
one track on either side of the brain to detect satisfactory STN
Table 1 Comparison between old and new protocols
Old (N = 26) New (N = 30) p value
Age (year) 64 (56–69) 60 (51–64) 0.043
Gender (male) 17 (66%) 21 (70%) 0.779
Duration of PD (years) 11 (8–14) 12 (9–15) 0.603
LEDD 744 (525–3591) 1221 (1000–1640) 0.650
Data reported as median (IQR), with p values from Mann-Whitney tests,
or N (%), with p values from Fisher’s exact tests, as applicable.
Italicized p values are significant at p < 0.05
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MER (p = 1.000). Analysis of the total LOR found this to be
significantly higher in the new protocol group, with a median
of 9 vs. 7 mm (p = 0.037). Breaking this down by the side
found that this significant difference was mainly driven by
the left side, with a median LOR of 4 mm in the new protocol,
compared to 3 mm in the old protocol (p = 0.011), Table 2.
Postoperative recovery parameters: time for recovery
and dopamine-withdrawal side effects
A comparison between the two groups suggested better
Brecovery time^ in the new protocol compared to the old pro-
tocol cohort although this fell short of statistical significance.
However, a significant difference in the recorded perioperative
complications was evident with four patients in the old cohort
reported to have mainly respiratory and urinary complications
compared to none in the new cohort, Table 3.
The continuation of dopaminergic medications might be
associated with reduction in the length of hospital stay. The
average hospital stay for old cohort was 3.5 days compared to
2.5 days in the new cohort, p > 0.05.
Long-term clinical outcome: motor scores
and reduction of LEDD
Practical aspects of the UPDRSmotor scores were selected for
clinical outcome assessment and were recorded preoperatively
at the time of enlisting patients for the surgical procedure and
subsequently at 6 months postoperatively. The authors used
the formula previously reported in the same unit [26] for cal-
culating the LEDD. The reduction in LEDD is widely accept-
ed as a surrogate marker for clinical improvement after DBS
and appears to show good outcome in the new protocol co-
hort. The comparison of the preoperative and postoperative
scores for the examined endpoints suggests a clear clinical
improvement in the study group, Table 4. This is in line with
previously reported data for patients who underwent the pro-
cedure after withholding their medications [13].
Discussion
The value of MER remains a subject of debate for many au-
thors [12] with some proposing that direct anatomical targeting
is good enough [29]; however, MER advocates have reported
significant adjustments of Banatomical^ targeting using MER
without significant added complications [6, 22, 23].
The cessation of dopaminergic medications preoperatively
is a practical necessity for awake macro-stimulation but in the
context of MER-guided DBS insertion under GA, it lacks a
solid evidence foundation.
However, some neurophysiological studies have previously
suggested that dopaminergic therapy might interfere with beta-
oscillations potentially masking the pathological STN activity
[21]. This could make obtaining a satisfactory STN recording
intraoperatively more difficult and add the associated risks of
extra brain penetrations. This consideration appears to be more
of a theoretical risk as it is suggested that the electrical activity
picked up by MER is not solely comprised of B-range oscilla-
tions but includes other local field potentials of variable fre-
quencies [7, 8, 28]. Indeed these local field potentials remain
even after DBS insertion for a considerably long time [1].
The authors have previously suggested the feasibility of
obtaining good-quality microelectrode recording of the STN
in patients who continue on dopaminergic treatment until sur-
gery [3, 4]. The choice of LOR and NOTs serves as practical
surrogates for the quality of recording and correlates with the
debated risk of increased intra-parenchymal hemorrhage with
added brain penetrations for the MER electrodes [5]. In this
study, the authors report a statistically significant difference in
LOR between the two study groups in favor of the study group.
Table 2 Comparison of LOR and number of tracks between old and
new protocols
Old (N = 26) New (N = 30) p value
Left LOR 3 (3–4) 4 (3–5) 0.011
Right LOR 4 (3–5) 4 (3–6) 0.186
Number of tracks left (> 1) 6 (23%) 11 (37%) 0.384
Number of tracks right (> 1) 8 (31%) 4 (13%) 0.191
Total number of tracks (> 2) 11 (42%) 12 (40%) 1.000
Data reported as median (IQR), with p values from Mann-Whitney tests,
or N (%), with p values from Fisher’s exact tests, as applicable
Italicized p values are significant at p < 0.05
Table 3 Postoperative recovery times
Overall
(N = 56)
Old
(N = 26)
New
(N = 30)
p value
Extubation
time (mins)
23 (15–37) 25 (15–44) 22 (15–30) 0.621
Recovery
time (mins)
73 (53–113) 89 (62–120) 60 (50–84) 0.096
Data reported as median (IQR), with p values from Mann-Whitney tests
Table 4 Pre- and postoperative comparisons in the new protocol group
Preoperative Postoperative p value
Hoehn-Yahr 2 (2–3) 1 (1–2) < 0.001
BOff^ awake hours 5 (2–7) 0 (0–1) < 0.001
Dyskinesia %
of BOn^ hours
30 (10–50) 0 (0–0) < 0.001
LEDD 1221 (1000–1640) 553 (360–728) < 0.001
Data reported as median (IQR), with p values from Wilcoxon’s tests
Italicized p values are significant at p < 0.05
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The significance of this result is uncertain as this might reflect
an artifact due to slightly higher degree of brain atrophy (age-
related) in the Bolder^ cohort of the control group leading to the
risk of brain shift after opening the dura and loosing CSF [10].
The continuation of dopaminergic therapy combined with
the Blesioning effect^ from the DBS electrode placement
might be argued to increase the risk of postoperative dyskine-
sia [17, 19]. The authors’ experience from both studies have
not shown evidence of this problem.
The reported effect of dopaminergic medication continua-
tion on the Brecovery time^ in this study fell short of statistical
significance. This, however, should be taken in context of the
study limitations, mainly the small cohort size and the fact that
the data collection for the study group was done prospectively
but compared to a retrospective data for the historical control
group. This can be argued to compromise the internal validity
of such comparison.
In considering these limitations, the authors acknowledge
that the study was statistically underpowered to detect signif-
icant difference in the recovery times between the two groups
based on the required large sample size as calculated previ-
ously. However, despite the lack of statistical significance, the
authors suggest that the effect of continuing dopaminergic
therapy may be reflected beyond the immediate post-GA re-
covery with earlier mobilization and lower risk of respiratory
and urinary complications. These would be related to in-
creased rigidity and poor mobility in the perioperative period.
The authors also acknowledge the fact that the study design
might be challenged by the use of historical controls. This
might be suggested to introduce some inconsistency in the
way that the time for intubation or time for recovery was
recorded. Such inconsistencies, if exist, would be inconsol-
able. Nevertheless, the recording of these times is an
established practice in the authors’ institute as the time for
cessation of GA is automatically logged on the system when
the anesthetic agent is switched off. The same practice follows
when the patient is extubated.
The arrival time to the post-GA Recovery suite as well as
the time when the patient was deemed ready to leave are
routinely recorded on an electronic log.
In view of these facts, the authors believe—despite the
obvious limitation of retrospective data in the historical
group—that such comparison remains valid as the data was
collected in a controlled fashion as standard practice in all
cases prospective or historical. Moreover, the data collection
for these variables is not done by the surgical team but rather
by independent recovery/theater staff who are not concerned
with the specific details of the surgical procedure or the status
of preoperative medications.
The improvement in postoperative recovery is further sug-
gested by the apparent reduction in the length of hospital stay
(average hospital stay for old cohort 3.5 days vs. 2.5 days in
the new cohort, p > 0.05).
In the authors’ current practice, patients are admitted on the
morning of surgery rather than the night before which was
previously required due to the anticipated reduction in mobil-
ity from withdrawal of medication. It is suggested that the
avoidance of dopamine withdrawal and its consequential risks
will allow patients to be discharged home sooner.
The long-term clinical outcome has been examined using
standard measures utilized by the UPDRS scale. These clearly
show good outcome for all patients effectively reflecting good
placement of the DBS electrodes in line with the reported
literature.
The authors are encouraged by these positive findings which
seem to support the desirable effect of keeping PD patients on
their dopaminergic treatment up until the time of surgery.
In considering the limitations of this study, the authors
highlight the limited cohort size and the lack of controlled
design in this observational comparative study. The fact that
the new protocol cohort had an average younger age group
might have resulted in an artifact with slightly better LOR for
microelectrode recordings in the study group.
Despite these limitations, the authors believe that the re-
sults of this prospective study confirm that it is possible to
achieve good electrophysiological recording without with-
holding dopaminergic medication. There is further support
of the initial observation that dopaminergic therapy continua-
tion leads to a better perioperative experience and appears to
project into sustained good clinical outcome with lower com-
plications rates.
Conclusions
Subthalamic deep brain stimulation under GA can be effective-
ly performed with intraoperative MER guidance in patients on
dopaminergic therapy. The quality of STN microelectrode re-
cordings and the clinical effectiveness of the procedure appear
not to be compromised by continuing the medications.
Keeping patients on their regular therapy appears to carry
lower risk of postoperative complications (due to drug-
withdrawal effects). It provides good long-term clinical outcome
and potentially smoother recovery from general anesthesia.
Based on the authors’ current experience, the cessation of
dopaminergic therapy for this group of patient is not justifiable
and might compromise the clinical outcome.
Compliance with ethical standards
Conflict of interest None.
Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institu-
tional and/or national research committee (University Hospital
Birmingham—NHS Trust) and with the 1964 Helsinki declaration and
its later amendments or comparable ethical standards.
Acta Neurochir (2018) 160:823–829 827
Informed consent Informed consent was obtained from all individual
participants included in the study.
Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
References
1. Abosch A, Lanctin D, Onaran I, Eberly L, Spaniol M, Ince NF
(2012) Long-term recordings of local field potentials from im-
planted deep brain stimulation electrodes. Neurosurgery 71(4):
804–814
2. Alesch F, Jain R, Chen L, Brucke T, Seijo F, San Martin ES,
Haegelen C, Verin M, Maarouf M, Barbe MT, Gill S, Whone A,
Porta M, Servello D, Timmermann LA (2016) Comparison of out-
comes between deep brain stimulation under general anesthesia
versus conscious sedation with awake evaluation. Neurosurgery
63(Suppl 1):155
3. Asha MJ, Kausar J, Krovvidi H, Shirley C, White A, Chelvarajah
R, Hodson JA, Pall H, Mitchell RD (2016) The effect of dopami-
nergic therapy on intraoperative microelectrode recordings for sub-
thalamic deep brain stimulation under GA: can we operate on pa-
tients ‘on medications’? Acta Neurochir 158(2):387–393. https://
doi.org/10.1007/s00701-015-2631-1
4. Asha M, Kausar J, Krovvidi H, Shirely C, White A,
Chelvarajah R, Pall H, Mitchell R (2016) Subthalamic nucleus
microelectrode recordings (MER) can be reliably detected de-
spite general anaesthesia and dopaminergic treatment. Acta
Neurochir 158(5):1015–1016
5. Binder DK, Rau G, Starr PA (2003) Hemorrhagic complications of
microelectrode-guided deep brain stimulation. Stereotact Funct
Neurosurg 80(1–4):28–31
6. Bour LJ, Contarino MF, Foncke EM, de Bie RM, van den
Munckhof P, Speelman JD, Schuurman PR (2010) Long-term
experience with intraoperative microrecording during DBS
neurosurgery in STN and GPi. Acta Neurochir 152(12):
2069–2077
7. Brown P, Oliviero A, Mazzone P, Insola A, Tonali P, Di Lazzaro
V (2001) Dopamine dependency of oscillations between sub-
thalamic nucleus and pallidum in Parkinson’s disease. J
Neurosci 21:1033–1038
8. Carlson JD, Cleary DR, Cetas JS, Heinricher MM, Burchiel KJ
(2010) Deep brain stimulation does not silence neurons in sub-
thalamic nucleus in Parkinson’s patients. J Neurophysiol 103:
962–967
9. Castrioto A, Lozano AM, Poon YY, Lang AE, Fallis M, Moro E
(2011) Ten-year outcome of subthalamic stimulation in Parkinson
disease: a blinded evaluation. Arch Neurol 68(12):1550–1556
10. Chrastina J, Novák Z, BalážM,Říha I, BočkováM, Rektor I (2013)
The role of brain shift, patient age, and Parkinson’s disease duration
in the difference between anatomical and electrophysiological tar-
gets for subthalamic stimulation. Br J Neurosurg 27(5):676–682
11. Dafsari HS, Reddy P, Herchenbach C, Wawro S, Petry-Schmelzer
JN, Visser-Vandewalle V, Rizos A, Silverdale M, Ashkan K,
Samuel M, Evans J, Huber CA, Fink GR, Antonini A, Chaudhuri
KR, Martinez-Martin P, Timmermann L (2016) IPMDS non-motor
symptoms study group beneficial effects of bilateral subthalamic
stimulation on non-motor symptoms in Parkinson’s disease. Brain
Stimul 9(1):78–85
12. Gross RE, Krack P, Rodriguez-Oroz MC, Rezai AR, Benabid AL
(2006) Electrophysiological mapping for the implantation of deep
brain stimulators for Parkinson’s disease and tremor. Mov Disord
21(Suppl 14):S259–S283
13. Harries AM, Kausar J, Roberts SA, Mocroft AP, Hodson JA, Pall
HS, Mitchell RD (2012) Deep brain stimulation of the subthalamic
nucleus for advanced Parkinson disease using general anesthesia:
long-term results. J Neurosurg 116(1):107–113
14. Hertel F, Züchner M, Weimar I, Gemmar P, Noll B, Bettag M,
Decker C (2006) Implantation of electrodes for deep brain stimula-
tion of the subthalamic nucleus in advanced Parkinson’s disease
with the aid of intraoperative microrecording under general anes-
thesia. Neurosurgery 59(5):E1138 discussion E1138
15. Kleiner-Fisman G, Herzog J, Fisman DN, Tamma F, Lyons KE,
Pahwa R, Lang AE, Deuschl G (2006) Subthalamic nucleus deep
brain stimulation: summary and meta-analysis of outcomes. Mov
Disord 21(Suppl 14):S290–S304
16. Lezcano E, Gómez-Esteban JC, Tijero B, Bilbao G, Lambarri I,
Rodriguez O, Villoria R, Dolado A, Berganzo K, Molano A, de
Gopegui ER, Pomposo I, Gabilondo I, Zarranz JJ (2016) Long-
term impact on quality of life of subthalamic nucleus stimulation
in Parkinson’s disease. J Neurol 263(5):895–905
17. Mann JM, Foote KD, Garvan CW, Fernandez HH, Jacobson CE
4th, Rodriguez RL, Haq IU, Siddiqui MS, Malaty IA, Morishita T,
Hass CJ, Okun MS (2009) Brain penetration effects of microelec-
trodes and DBS leads in STN or GPi. J Neurol Neurosurg
Psychiatry 80(7):794–797. https://doi.org/10.1136/jnnp.2008.
159558
18. Moll CK, Payer S, Gulberti A, Sharrott A, Zittel S, Boelmans K,
Köppen J, Gerloff C, Westphal M, Engel AK, Oehlwein C,
Buhmann C, Hamel W (2013) STN stimulation in general anaes-
thesia: evidence beyond ‘evidence-based medicine’. Acta
Neurochir Suppl 117:19–25
19. Morishita T, Foote KD, Wu SS, Jacobson CE 4th, Rodriguez RL,
Haq IU, Siddiqui MS, Malaty IA, Hass CJ, Okun MS (2010) Brain
penetration effects of microelectrodes and deep brain stimulation
leads in ventral intermediate nucleus stimulation for essential trem-
or. J Neurosurg 112(3):491–496
20. Ngoga D, Mitchell R, Kausar J, Hodson J, Harries A, Pall H (2014)
Deep brain stimulation improves survival in severe Parkinson’s
disease. J Neurol Neurosurg Psychiatry 85(1):17–22
21. Priori A, Foffani G, Pesenti A, Tamma F, Bianchi AM, Pellegrini
M, Locatelli M, Moxon KA, Villani RM (2004) Rhythm-specific
pharmacological modulation of subthalamic activity in Parkinson’s
disease. Exp Neurol 189(2):369–379
22. Reck C,Maarouf M,Wojtecki L, Groiss SJ, Florin E, Sturm V, Fink
GR, Schnitzler A, Timmermann L (2012) Clinical outcome of sub-
thalamic stimulation in Parkinson’s disease is improved by intraop-
erative multiple trajectories microelectrode recording. J NeurolSurg
A Cent EurNeurosurg 73(6):377–386
23. Schlaier JR, Habermeyer C, Warnat J, Lange M, Janzen A,
Hochreiter A, Proescholdt M, Brawanski A, Fellner C (2011)
Discrepancies between the MRI- and the electrophysiological-
ly defined subthalamic nucleus. Acta Neurochir 153(12):
2307–2318
24. Sutcliffe AJ, Mitchell RD, Gan YC, Mocroft AP, Nightingale
P (2011) General anaesthesia for deep brain stimulator elec-
trode insertion in Parkinson’s disease. Acta Neurochir 153:
621–627
828 Acta Neurochir (2018) 160:823–829
25. Tan ZG, Zhou Q, Huang T, Jiang Y (2016) Efficacies of globus
pallidus stimulation and subthalamic nucleus stimulation for ad-
vanced Parkinson's disease: a meta-analysis of randomized con-
trolled trials. Clin Interv Aging 11:777–786. https://doi.org/10.
2147/CIA.S105505 eCollection 2016
26. Tomlinson CL, Stowe R, Patel S, Rick C, Gray R, Clarke CE (2010)
Systematic review of levodopa dose equivalency reporting in
Parkinson’s disease. Mov Disord 25(15):2649–2653
27. Weaver FM, Follett K, Stern M, Hur K, Harris C, Marks WJ Jr
(2009) Bilateral deep brain stimulation vs best medical therapy
for patients with advanced Parkinson disease: a randomized con-
trolled trial. JAMA 301(1):63–73
28. Williams D, Tijssen M, Van Bruggen G, Bosch A, Insola A, Di
Lazzaro V, Mazzone P, Oliviero A, Quartarone A, Speelman H,
Brown P (2002) Dopamine-dependent changes in the functional
connectivity between basal ganglia and cerebral cortex in humans.
Brain 125(Pt 7):1558–1569
29. Zrinzo L, Foltynie T, Limousin P, Hariz MI (2012) Reducing hem-
orrhagic complications in functional neurosurgery: a large case se-
ries and systematic literature review. J Neurosurg 116(1):84–94
Acta Neurochir (2018) 160:823–829 829
